This study reports an angular diffraction peak shift that scales linearly with the neutron beam path length traveled through a diffracting sample. This shift was observed in the context of mapping the residual stress state of a large U-8 wt% Mo casting, as well as during complementary measurements on a smaller casting of the same material. If uncorrected, this peak shift implies a non-physical level of residual stress. A hypothesis for the origin of this shift is presented, based upon non-ideal focusing of the neutron monochromator in combination with changes to the wavelength distribution reaching the detector due to factors such as attenuation. The magnitude of the shift is observed to vary linearly with the width of the diffraction peak reaching the detector. Consideration of this shift will be important for strain measurements requiring long path lengths through samples with significant attenuation. This effect can probably be reduced by selecting smaller voxel slit widths.
Introduction
Residual stresses within a sample can be determined by measuring shifts in the angular locations of diffraction peaks, from which the level of tensile or compressive strain in a given set of lattice planes can be determined via Bragg's law. Focusing doubly bent monochromators (Wagner et al., 1994; Popovici et al., 2001) are commonly employed in angular dispersive neutron diffractometers, as they allow for significant gains in intensity over conventional arrangements based on mosaic crystals. They also ensure an efficient employment of position sensitive detectors (PSDs) for simultaneous recording of diffraction patterns . The use of bent perfect silicon crystal arrangements for measuring residual strains was pioneered by Mikula, Vrá na et al. (1996 . With the advent of doubly focusing monochromators, their application in the residual strain mapping field expanded quickly Witte et al., 1998; Ono et al., 2000; Mikula & Wagner, 2000; Popovici et al., 2001) . The operating principle of a doubly bent monochromator is based on geometrically focusing the neutron beam in the vertical plane and selecting the appropriate correlation between neutron wavelength and direction in the horizontal plane. These two objectives are reached by inserting a tight aperture in front of the sample and adjusting the horizontal and vertical curvatures accordingly. If the monochromator is placed into the focusing condition, the geometry becomes comparable to the Bragg-Brentano parafocusing condition used in most X-ray diffractometers.
Neutrons from the angularly divergent incident beam satisfy the diffraction condition for slightly different grain orientations within the polycrystalline sample, resulting in collimation of the diffracted beam as it exits the sample toward a PSD (Fig. 1) . In this manner, neutrons of multiple wavelengths will collect at the same spot on the detector, forming a single diffraction peak with a much higher intensity than could be produced by neutrons of a single wavelength. Envisaged in reciprocal space, all of the relevant diffraction occurs from planes with a fixed spacing but an angular spread in the diffraction vector (Q) corresponding to the distribution of grain orientations in the polycrystalline sample. The angular spread in Q is canceled by the angular spread of the incoming (K) wavevectors due to focusing, ensuring that the outgoing (K 0 ) wavevectors are aligned along the same direction. Note that focusing monochromators are only effectively monochromatic and a considerable spread of wavelengths is still being utilized. In a perfectly aligned ideal system, the effect of this distinction is negligible, but aberrations in real systems can cause the location of the diffracted beam (as recorded by the PSD) to have a wavelength dependent spread. Consequently, factors (such as attenuation) that depend on the wavelength might result in small shifts of the diffraction peak as a function of the path length traveled through the sample.
The work presented in this paper was initiated by the observation of a path length dependent apparent strain of the order of 10
À3
-10 À4 in thick specimens of a cast U-8 wt% Mo alloy. This peak shift cannot be readily explained by any currently known correction term. One possibility is that this apparent strain results from changes to the wavelength distribution that become more severe with increasing path length, in combination with non-ideal focusing of the monochromator. A hypothesis for such a path length dependent peak shift is outlined in this paper, along with an experimental plan for how the hypothesis could be tested.
Experimental procedure
Neutron experiments were conducted on the Second Generation Neutron Residual Stress Mapping Facility (NRSF2) beamline of the High Flux Isotope Reactor at Oak Ridge National Laboratory, which has a root mean squared error of approximately 0.003 for 2 measurements (Tang & Hubbard, 2006) , using the 1.886 Å Si 400 reflection of the focusing neutron monochromator. The two samples examined were depleted U-8 wt% Mo castings in the metastable body centered cubic (b.c.c.) phase of the alloy, with a lattice parameter of 3.425 Å (Repas et al., 1963) . Residual strain measurements were made using the {211} diffraction peak of the phase (2 ' 85 ) to establish a rectangular voxel geometry and to keep coherent scattering low, so as to increase the maximum possible path length through the sample . The strain behavior of the {211} planes in b.c.c. crystal structures is also known to be a good representation of the macroscale strain response (Hutchings et al., 2005) . A cast rod of U-8 wt% Mo with a diameter of 1.2 cm and length of 10.8 cm was analyzed first to experimentally verify the attenuation coefficient of the material and discern the maximum possible diffraction path length achievable within the alloy given the instrumental sensitivity. This preliminary measurement was performed by placing a 3 Â 3 Â 3 mm cubic voxel along the central axis of the rod and acquiring data in 5 mm steps along its length, with the incident beam traveling parallel along the axis of the sample. Cast U-Mo alloys are subject to some degree of solute segregation during solidification , and the microstructure from a casting in the same production lot was reported by Steiner, Calhoun et al. (2016) . Despite AE1 wt% local segregation within dendrites on the 10 mm scale, the rods were confirmed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) to have a homogeneous average solute distribution along their lengths (7.95-7.98 wt%) .
Following this preliminary experiment, the residual stress state of a large U-8 wt% Mo casting in the shape of a thick walled tube with an 11.7 cm outer diameter, 3.5 cm inner diameter and 9 cm height was mapped using radial strain measurements at seven overlapping heights and 17 radial depths up to 25 mm into the sample, with a 1.5 Â 1.5 Â 15 mm 'matchstick' voxel elongated along the axial direction of the casting. This casting was subject to a 4 h homogenization hold at 1173 K directly following solidification, and was cooled afterward at a rate not exceeding 5 K min À1 . Residual stresses from solidification will have relaxed given the hold temperature and creep rate of the alloy (Saller, 1953) , and no strong thermal gradients were present during cooling to introduce new stresses. The large tube casting was consequently expected to have a negligible final residual stress state. The average grain size in this large casting was 250 mm in diameter, so the sample was continually oscillated about its central axis during measurements to improve the number of sampled grains. The position of the diffraction peak showed no systematic variation with rotation, confirming that the strain/ stress state of the sample was radially symmetric. Hoop strain Diagram of the focusing neutron monochromator geometry. The white neutron beam diffracts off a bent single crystal, leading to a correlation between wavelength and the divergence angle in the beam emerging from a slit placed in front of the sample. Neutrons from the incident beam meet the diffraction condition for different grain orientations within the polycrystalline sample (planes normal to the dashed circles), resulting in collimation of the diffracted beam. Only ray traces of neutrons surviving from the source to three locations on the PSD are shown for the sake of clarity. measurements were not possible given the sample geometry and path length limitations, and axial measurements were limited by time and specimen stage constraints. Unlike the smaller rod sample, the thick tube casting was confirmed by ICP-AES to have a macroscale compositional gradient in the axial direction, ranging from 7.61 wt% Mo at the top to 8.07 wt% Mo at the bottom.
Results
Absorption and neutron scattering cross sections are available for all the isotopes in the U-8 wt% Mo castings at a wavelength of 1.8 Å (Sears, 1992), and isotope ratios are known from ICP-AES (U 238 99.8%, U 235 0.2%) and the natural abundance of Mo isotopes (Barling et al., 2001) . The incoherent scattering cross section for all of these isotopes is negligible ( inc = 0.02 b for the alloy; 1 b = 100 fm 2 ). After wavelength adjustments have been made to the absorption cross section ( abs = 4.41 b, with a linear proportionality) and the coherent scattering cross section ( coh = 7.02 b, dependent on the crystal structure), the total neutron cross section at 1.886 Å for U-8 wt% Mo is expected to be approximately 11.45 b with a slope of 7.26 b Å À1 between 1.84 and 1.97 Å , the wavelength dependency coming mostly from the coherent term. Attenuation of the neutron beam can be calculated using the Beer-Lambert law,
where x is the path length through the sample, is the average total neutron cross section and is the atomic density. Fig. 2 shows the relative intensity of the {211} diffraction peak in the U-8 wt% Mo rod sample as a function of path length. An exponential regression yields a fitted cross section of 11.71 b, which is within the margin of error, as both the predicted (11.45 b) and fitted cross sections match the data with R 2 > 0.99. Path lengths as long as 8.25 cm were tested through the rod sample, but beyond 6.25 cm the background signal starts to influence peak fitting, defining a maximum path length in U-8 wt% Mo available for residual strain measurements on the NRSF2 beamline.
During these preliminary attenuation measurements, an unexpected linear peak shift of 0.0253 cm À1 was observed with increasing path length through the rod sample (Fig. 3 ). In the geometry of this particular measurement, the diffracting planes are aligned approximately halfway between the radial and axial directions of the rod. One interpretation of such a shift is that it results from a residual strain of 9600 m" per degree. The apparent strain implied by the observed peak shift would correspond to a residual stress state of the order of GPa in the rod, which is much larger than the stresses expected along the measured direction in such a small sample. Another possible explanation for the observed peak shift is macroscale solute segregation within the rod, leading to a gradient in the equilibrium lattice parameter following Vegard's law (Vegard, 1921) . The lattice parameter of pure -phase (b.c.c.) uranium is 3.47 Å at room temperature (Wilson & Rundle, 1949) and that of U-8 wt% Mo (17.7% at.%) is 3.425 Å (Repas et al., 1963) , while pure molybdenum (b.c.c.) has a lattice parameter of 3.15 Å (Simmons & Wang, 1971) . As these three data points are nearly collinear, a Vegard relation of approximately 0.0032 Å at.% À1 is expected to hold across the entire compositionl range for U-Mo. The compositional gradient required to account for the observed shift would be approximately 0.11 wt% cm ). Thus, some other sort of systematic error that results in an increasing apparent strain with greater path length through the sample is present in the measurement, suggestive of a provenance tied to interactions between the neutron beam and the material. It is also observed that the full width at half-maximum (FWHM) of the diffraction peaks decreases linearly with path length by a magnitude similar to the peak shift (Fig. 3) . All peaks in this study were found to have well defined Gaussian forms, so neither the peak shift nor the trend in FWHMs can be attributed to fitting error. Fig. 4 presents the measured diffraction angle as a function of radial depth and height position within the large U-8 wt% Mo casting. The first radial diffraction angle measurements acquired at each axial height position were not fully buried within the sample and have been excluded. Measurements at subsequent radial depths show a clear linear trend in their peak position, shifting to higher values of 2 at greater distances into the sample. The radial strain measurements are complicated by the known compositional gradient in the axial direction, but the resulting change in lattice parameter can be accounted for using Vegard's law. Making this correction reveals a single trend irrespective of axial position (see Fig. 4 , compositionally adjusted values). The trend indicates a compressive strain on the innermost portion of the tube and a tensile strain on the outer surface. This strain state is not consistent with the negligible amount of residual stress expected in the sample after prolonged heat treatment and gradual cooling. It is also directly at odds with the typical residual stress state imparted during solidification, which results in a compressive strain on the outer surfaces and a tensile strain in the center of the casting (Jansen, 1994; Kaufman & Rooy, 2004) .
Plotting peak positions as a function of the path length traveled by the diffracting neutrons through the large tube casting shows a linear shift of 0.0086 cm À1 (Fig. 5) , which is considerably smaller than the shift observed in the small rod casting. The FWHM of the diffraction peaks in the large tube is also considerably smaller than that for the long rod sample as a result of the smaller voxel slit width (1.5 mm compared to 3 mm). If the magnitudes of the observed peak shifts for both samples are plotted against the changes in their FWHM, however, they fall along the same trendline (Fig. 6 ). This is consistent with the peak shifts observed in both samples resulting from the same effect and their difference in scale being related to the voxel slit width (which will impact peak breadth in a nonlinear manner owing to aberrations, focusing and attenuation). Individual measurements of the same radial depth at different heights within the larger casting exhibit a standard deviation of 0. instrument). Averaging across the seven heights produces a tighter adherence to the trendline (intrinsically shared by both the averaged and individual measurements), consistent with the scatter in the individual measurements being stochastic in nature. A similar reduction in scatter could therefore be expected if more measurements were available for the rod sample.
Discussion
The peak shift observed in this study is hypothesized to arise from changes in the wavelength distribution as the beam passes through the sample, probably due at least in part to attenuation, combined with non-ideal focusing. In both samples the shift exhibits a clear dependence on path length, and it is not related to attenuation based shifts that can occur because of the size, shape or partial burial of the gauge volume (Hutchings et al., 2005; Suzuki et al., 2014; Staron, 2012; Spooner & Wang, 1997) . The effect of Bragg edges, which lead to sharp wavelength dependent changes in the coherent scattering cross section that can result in a path dependent peak shift due to attenuation (Hutchings et al., 2005; Hsu et al., 1995; , can also be ruled out as the 1.886 Å central wavelength is securely between the {321} and {222} U-8 wt% Mo Bragg edges at 1.831 and 1.977 Å , respectively (including any consideration of compositional inhomogeneity). This type of peak shift has possibly gone without notice in other experiments as its magnitude typically resides well within the margin of error for most residual strain measurements. There is one previous study of a similar phenomenon, instigated by Hsu et al. (1995) after they observed a path length dependent apparent strain of the order of 10 À4 in thick specimens. Hsu and co-workers were able to rule out the contribution of multiple Bragg scattering and originally attributed the shift to wavelength dependent attenuation of the beam. However, their first principles calculation for the change in the mean wavelength due to attenuation predicted apparent strains an order of magnitude smaller than those they observed experimentally. It was later determined that the peak shift in the Hsu experiment arose because background scattering from the sample surface was not fully shielded.
The observed path length dependent peak shift in the U-8 wt% Mo samples on the NRSF2 beamline cannot be explained by the current literature. At least one plausible and testable hypothesis for a new source of path length dependent peak shift can be constructed, however, from the anticipated effects of beam attenuation or other changes in the wavelength distribution in a non-ideal focusing geometry. Underor over-bending of the monochromator from the ideal condition shown in Fig. 1 will lead to a wavelength dependent divergence in the diffracted beam (Fig. 7) . In the absence of any changes to the wavelength distribution during the beam's travel through the sample, the peak will be centered at the same location along the PSD regardless of the focusing, though divergence will lead to a broader distribution. If the wavelength distribution is altered owing to sample interactions such as attenuation, divergence of the beam can result in a shift in the peak's center on the PSD and an apparent strain. Both the magnitude and the direction of this type of peak shift would be heavily dependent on the specific diffractometer, alignment and diffraction conditions being utilized. The focus Illustration of reciprocal space and projection of the diffracted beam onto the PSD detector under ideal, over-bent and under-bent conditions of the monochromator with and without attenuation. of the monochromator on NRSF2 was not intentionally changed (i.e. by bending the Si wafer) between the two U-8 wt% Mo experiments, and follow-up experiments suggested that the monochromator was not in ideal focus during the measurements. Preliminary calculations (see Appendix A), however, suggest that wavelength dependent variations in neutron attenuation cross section alone are not able to explain decreasing FWHMs or the magnitude of the peak shift, implying that some other unknown factor or aberration remains unaccounted for. This hypothesis can be tested by performing a dedicated experiment measuring the path length dependent shift in a heavily attenuating material under various monochromator focusing conditions (degrees of bend). If the hypothesis is correct, the shift should change in magnitude and ultimately move in the opposite direction as the focusing condition of the monochromator is changed. It is possible (though not certain) that the relationship between FWHM and the peak shift may allow for data to be corrected empirically, regardless of whether or not the exact mechanism is yet understood (though the slope of the relationship would vary depending on the diffractometer and its focusing condition). The relationship between the FWHM and peak shift suggests that the magnitude of the shift can be reduced considerably by using a small voxel slit width, reducing the diffraction peak breadth.
Summary
An angular shift in diffraction peak location as a function of path length traveled by the neutron beam through large samples is reported and shown to vary linearly with the width of the diffraction peak reaching the detector. It is possible that this shift originates from a combination of changes to the wavelength distribution as it travels through the sample and non-ideal focusing of the neutron monochromator, but it is not yet fully understood. This observation is especially important for calibrating measurements of residual stresses within large samples and materials with significant attenuation of neutrons, such as the U-8 wt% Mo alloy casting explored in this study, where ignoring the effect would imply a non-physical residual stress distribution. It can be inferred from the data that the magnitude of the angular shift in neutron diffraction peak location can be reduced by limiting the breadth of the peak on the detector through selection of a smaller voxel slit width during strain measurements requiring long path lengths through a sample.
APPENDIX A
The effect of attenuation on the wavelength profile of a focusing monochromator and the resulting changes expected in peak location and width can be estimated on the basis of a neutron optics description of focusing monochromators (Stoica et al., 1999 .
Between Bragg edges the attenuation coefficient (total neutron cross section times the density) of a material can be approximated as a function of wavelength by a second-order polynomial:
The first term on the right-hand side corresponds to the coherent elastic cross section for a random orientation distribution of grains, the second accounts for absorption and inelastic scattering, and the constant term contains the incoherent cross section. Non-random crystallographic texture and contributions of multiple scattering events may complicate equation (2) and will be overlooked in this treatment.
In the absence of beam attenuation, the instrumental distribution of wavelengths can be represented by a Gaussian profile:
where 0 is the mean wavelength and s 0 is the standard deviation. After multiplication with the exponential attenuation function found in equation (1), followed by renormalization, the attenuated wavelength distribution remains Gaussian:
where x is the path length traveled through the sample and the new value of the standard deviation is
The correction term should be considered small, i.e. ax 2 0 s 2 0 ( 1. Thus the influence of x on peak shift and broadening can be considered as a linear approximation:
This result shows that the attenuation due to absorption (b) shifts the peak wavelength but leaves the peak width unaffected, and only the coherent elastic scattering term (a) modifies both the wavelength peak width and the peak center.
In the first-order approximation, the deviation of the diffraction angle at the detector (characteristic of an angular dispersive diffractometer), Áð2 s Þ, is defined as
where s is the diffraction angle, 1 and 2 are the horizontal angular deviations in the incident and diffracted beams, respectively, and Ák/k represents the relative deviation of the wavevector magnitude: k = 2/. As the angular deviation in the diffracted beam is well controlled by the receiving slit width and the detector pixel size, it can be neglected and the relative deviation of the wavevector (Ák/k) can be replaced by the negative relative deviation of the wavelength (Á/):
The acceptance diagram of the bent crystal monochromator defines a tight correlation between the angular deviation and the wavelength deviation (to optimize intensity, one axis of the acceptance ellipsoid is significantly larger than the other). For a thin curved monochromator the correlation is
Here, L 1 is the distance between the monochromator and the sample, y 1 is the coordinate across the beam at the sample position, and f 1 is the focal distance defined as
where R M is the radius of curvature, M is the cutting angle and M is the diffraction angle of the monochromator. The coordinate across the beam is restricted by the width of the incident slit and its contribution can be neglected. Therefore, the correlation introduced by the monochromator is reduced to the following:
This relationship means that the wavelength distribution is determined mainly by the angular distribution of the neutron beam incident on the sample. Thus, the additional modulation introduced by the wavelength dependence of the attenuation is directly transferred to the angular distribution through the scale coefficient defined in equation (11).
To simplify the discussion, the following variable will be introduced:
This ratio accounts for the diffraction geometry differences between the monochromator and the sample and is always positive in the parallel arrangement (the scattering angles change the sign). By introducing the relation in equation (11) into equation (9), and canceling the term Áð2 s Þ, an optimal ratio r 0 can be found:
This is the condition for ideal focusing in scattering angle s (recreating the geometry seen in Fig. 1) , where a relatively large angular distribution in the incident beam is reconstituted into a collimated diffracted beam. Equation (9) can be rearranged using equations (12) and (13) as follows:
Equation (14) describes the scattering angle dependence of the incident beam divergence contribution to the instrumental resolution. It can be seen that this contribution cancels at a particular value of scattering angle, j tan s0 j ¼ r 0 tan M , and its absolute value increases on both sides of the optimal scattering angle. However, the sign of Áð2 s Þ follows the sign of Á/ for s > s0 and changes sign for s < s0 . The relations in equations (6) and (7) can be translated using equation (14) onto a Áð2 s Þ scale as follows:
The standard deviation in the absence of attenuation, s 0 , will be of the order of 10 À2 radians at its maximum. If all of the attenuation in the sample is assumed to be due to the elastic cross section (a 2 0 = AE = 0.57 cm À1 ) then the upper limit for the reduction coefficient a 2 0 s 2 0 will be of the order of 10
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